Pulmonary arterial hypertension is a severe disease for which diagnosis often is delayed. Matrix metalloproteinases have been suggested to play a role in vascular remodeling and pulmonary hypertension development. Our aim was therefore to investigate the potential role of matrix metalloproteinases as biomarkers in diagnosis and differentiation of pulmonary arterial hypertension in relation to various causes of dyspnea and pulmonary hypertension. Using proximity extension assays, 10 matrix metalloproteinases and associated proteins were analyzed in venous plasma from healthy controls (n ¼ 20), as well as patients diagnosed with pulmonary arterial hypertension (n ¼ 48), chronic thromboembolic pulmonary hypertension (n ¼ 20), pulmonary hypertension due to heart failure with preserved (n ¼ 33) or reduced (n ¼ 36) ejection fraction, and heart failure with reduced ejection fraction and heart failure with preserved ejection fraction without pulmonary hypertension (n ¼ 15). Plasma levels of matrix metalloproteinase-2, -7, -9, -12 and TIMP-4 were elevated (p < 0.01) in pulmonary arterial hypertension compared to controls. Plasma levels of matrix metalloproteinase-7 were furthermore lower (p < 0.0081) in pulmonary arterial hypertension than in all the other disease groups, but higher compared to controls (p < 0.0001). Receiver operating characteristic analysis of matrix metalloproteinase-7 resulted in sensitivity of 58.7% and a specificity of 83.3% for detecting pulmonary arterial hypertension among the other disease groups. Plasma matrix metalloproteinase-7 may provide a potential new diagnostic tool to differentiate pulmonary arterial hypertension from other causes of dyspnea, including heart failure with or without pulmonary hypertension and healthy controls. Matrix metalloproteinase-7 may furthermore be involved in the development of pulmonary hypertension and pulmonary arterial hypertension. Future studies investigating the clinical usefulness of matrix metalloproteinase-7 in the differentiation and earlier diagnosis of pulmonary arterial hypertension, as well as its relationship to pulmonary arterial hypertension pathogenesis, are encouraged.
Pulmonary hypertension (PH) is a pathological condition with impact on morbidity and mortality. It has previously been characterized according to ESC/ERS guidelines by a mean pulmonary artery pressure (mPAP) !25 mmHg at rest, as measured by right heart catheterization (RHC), 1 but where a new cut-off magnitude at 20 mmHg was suggested at the World Symposium of Pulmonary hypertension 2018. 2 PH is sub-classified into pre-or post-capillary PH, depending on whether the pulmonary arterial wedge pressure (PAWP) 15 or >15 mmHg, respectively. 1 According to the Nice classification, 3 pre-capillary PH comprises pulmonary arterial hypertension (PAH, group 1 PH), pulmonary disease and/or hypoxia (group 3 PH), chronic thromboembolic PH (CTEPH, group 4 PH), and PH due to multifactorial and/or unclear factors (group 5 PH). Postcapillary PH consists of PH due to left heart disease (group 2 PH), including PH due to heart failure (HF) with preserved (HFpEF-PH) or reduced (HFrEF-PH) ejection fraction (EF). 1, 4 PAH, specifically, is a rare disease with poor prognosis, where symptoms such as dyspnea may be diffuse and nonspecific. 4 Diagnosis of PAH is therefore often hampered by a patient's and doctor's delay. 5 This is a major clinical challenge as PAH may rapidly progress into more severe stages before treatment is initiated. 1 Development of a screening method for patients with unclear dyspnea, that could distinguish various causes of dyspnea and PH from each other, as well as characterize the severity of the disease, would be of great value to reduce the time to diagnosis and potentially enable earlier and more targeted treatment initiation, especially for those suffering from PAH.
The pathogenesis of PAH consists of a vasoconstrictive and a vascular remodeling component. Current treatments of PAH focus mainly on alleviating the vasoconstriction. 1 Much less is, however, known about the pathogenesis of the vascular remodeling. Interestingly, remodeling of the extracellular matrix (ECM) plays an important role in the development of vascular remodeling in PAH and occurs early in the disease process. 6, 7 ECM remodeling affects, for instance, the vascular stiffness of pulmonary arteries as well as favors proliferation of smooth muscle and endothelial cells in distal pulmonary arteries. 7, 8 The ECM composition is regulated by a balance of proteolytic proteins including matrix metalloproteinases (MMPs) and their endogenous inhibitors, tissue inhibitors of metalloproteinase (TIMPs). 7 MMPs are implicated in vascular remodeling and vascular smooth muscle cell proliferation, 9, 10 contributing to pathophysiological processes such as ECM turnover, hyperplasia, cell migration, and apoptosis. Thus, MMPs and related proteins are likely to play an important role in the development of vascular remodeling in PAH. 11 The aim of the present study was therefore to investigate whether plasma concentrations of MMPs and related proteins are altered in PAH and could be used to differentiate PAH from other causes of PH, such as CTEPH, HF with reduced (HFrEF) or preserved (HFpEF) EF with PH, and HF without PH (HF-NON-PH), and healthy controls. We hypothesized that circulating MMPs and related proteins may be linked to the pathogenesis of PH and influence hemodynamics in the different subtypes of PH, and consequently be of potential use as future blood borne biomarkers to diagnose and differentiate PAH.
Methods

Inclusion and exclusion criteria
Patients ! 18 years included in the Lund Cardio Pulmonary Register (LCPR) cohort, of Region Ska˚ne biobank, between September 2011 and March 2017, diagnosed by RHC according to the existing ESC/ERS guidelines, and differentiated with echocardiography, magnetic resonance imaging, pulmonary scintigraphy, spirometry and/or HRCT, at Ska˚ne University hospital, Lund, Sweden were included. Patients lacking hemodynamic data were excluded.
The study population included patients under investigation for dyspnea, with RHC at baseline diagnosis, divided into PAH (n ¼ 48) and CTEPH (n ¼ 20), as well as, HFpEF-PH (n ¼ 33), HFrEF-PH (n ¼ 36), and HF-NON-PH, (n ¼ 15), as well as 20 healthy volunteers without RHC. HFpEF was defined by EF !50% and HFrEF by EF <50%. For subgroup analysis, idiopathic PAH (IPAH) and familial PAH (FPAH) were regarded as one entity (IPAH/FPAH) and the rest of PAH patients as another entity, e.g. connective tissue disease associated PAH (CTD-PAH). All PAH and CTEPH patients were treatment naive. The study was approved by the local ethics committee in Lund (Dnr, 2010/114, 2010/248, 2010/442, 2011/368, and 2015/270). All participants provided informed and written consent.
Plasma sampling and biomarker analyses
Venous plasma samples were collected from the introducer of the patients, placed in the right internal jugular vein, during RHC and stored at À80 C in the LCPR cohort. Peripheral venous samples were collected from healthy subjects. Plasma samples were analyzed with proximity extension assay (PEA) and quantitative PCR (qPCR). Briefly, antibody pairs with DNA oligonucleotide tails bind the antigen, matching tails hybridize, are elongated with DNA polymerase, and read out by qPCR. 12 Plasma biomarker levels were reported in normalized protein expression (NPX) values, where NPX is an arbitrary unit on a log2-scale. Proteins were analyzed using Proseek Multiplex CVD II, CVD III, Oncology II 96-plex immunoassay panels (Olink Proteomics, Uppsala, Sweden).
Included biomarkers
Ten potential biomarkers focused on MMPs and related proteins were analyzed, including MMP-2, -3, -7, -9, -12, TIMP-4 (also known as metalloproteinase inhibitor 4), protein CYR61 (CYR61), thrombospondin-2, WNT1-inducible-signaling pathway protein 1 (WISP-1), and SPARC (also known as osteonectin). NT-proBNP values were for consistency also analyzed with PEA.
Hemodynamics
Hemodynamic data were sampled during RHC performed as part of clinical diagnosis using Swan Ganz catheters (Baxter Health Care Corp, Santa Ana, CA). The parameters registered by RHC included MPAP, PAWP, mean right atrial pressure (MRAP), and mean arterial pressure (MAP). Heart rate (HR) was measured by ECG. Cardiac output (CO) was measured by thermodilution.
Cardiac index (CI), stroke volume (SV), stroke volume index (SVI), left ventricular stroke work index (LVSWI), right ventricular stroke work index (RVSWI), pulmonary vascular resistance (PVR), and transpulmonary gradient (TPG) were calculated by the formulas: CI ¼ CO/body surface area, SV ¼ CO/HR, SVI ¼ SV/ body surface area, LVSWI ¼ (MAP À PAWP) Â SVI, RVSWI ¼ (MPAP À MRAP) Â SVI, PVR ¼ TPG/CO, and TPG ¼ MPAP À PAWP, body surface area ¼ weight 0.425 Â height 0.725 Â 0.007184. SvO 2 samples were retrieved at the RHC procedure.
Statistics
Data analysis was performed using GraphPad Prism version 8.0.2 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com. Data were presented as median (interquartile range) when applicable. Data distribution was analyzed using frequency distribution. Kruskal-Wallis test with uncorrected Dunn's multiple comparison test was performed to compare biomarkers' levels in controls and for all included subgroups. To limit false positive results, the Kruskal-Wallis tests were analyzed with a Benjamini and Hochberg false discovery rate (FDR) test (q ¼ 0.05). 13 Uncorrected Dunn's multiple comparison test was done on the significant Kruskal-Wallis tests and were in turn analyzed with FDR (q ¼ 0.05). After FDR analysis, the threshold for statistical significance was set to <0.021. The FDR analysis was made on Kruskal-Wallis and subsequent multiple comparison tests. Presented p-values are raw and denoted as significant if <0.021. For other statistical tests, a p-value <0.05 was considered statistically significant. Mann-Whitney's test was used for subgroup analysis of PAH. Correlations using Spearman's coefficient were performed on MMP-7 in relation to MRAP, MPAP, CI, SVI, RVSWI, PVR, as well as to NT-proBNP and SvO 2 . Spearman correlation was additionally performed on the MMP-7 levels between all the groups. To evaluate MMP-7 as a predictor of PAH among the other disease groups, receiver operating characteristic (ROC) analysis was performed on MMP-7 comparing PAH versus other PH groups and HF-NON-PH. Youden's index was used to determine cut-offs for sensitivity and specificity. Mann-Whitney's test was used to investigate potential gender difference in MMP-7 levels between males and females and was performed on all the separate patient groups as well as all groups together.
Results
Population characteristics
Characteristics of the patient groups and controls are presented in 
MMP-7
For PAH, plasma MMP-7 levels were higher than the controls (p < 0.0001) but lower compared to the other disease groups (p < 0.0081). For PAH, plasma MMP-7 levels were lower compared to the other disease groups (p < 0.0081), and higher compared to controls (p < 0.0001) ( Fig. 1a ). ROC analysis for plasma MMP-7 in PAH versus other PH groups and HF-NON-PH resulted in an area under the curve of 0.75 (95% CI 0.67-0.83) (p < 0.0001), as well as a sensitivity of 58.7% and a specificity of 83.3% (Fig. 1b ). Subgroup analysis of plasma MMP-7 in IPAH and CTD-PAH showed no difference (p ¼ 0.31). Spearman correlations of MMP-7 levels between all groups showed a negative correlation r s ¼À0.57 (p ¼ 0.029) between control and HF-NON-PH. Analysis for gender difference in MMP-7 with Mann-Whitney's test was non-significant.
Other MMPs and related proteins
The plasma levels of MMP-12 (p < 0.007), TIMP-4 (p < 0.005), thrombospondin-2 (p < 0.0003), and WISP-1 (p < 0.0017) were significantly lower in controls compared to all the disease groups. For PAH, all plasma biomarkers were significantly elevated compared to controls (p < 0.0099), except for MMP-3 and SPARC. Plasma MMP-3 levels were furthermore lower (p < 0.0118) in PAH than in the other PH groups ( 
Discussion
Given the low median survival, from diagnosis, of untreated CTD and IPAH patients of 1-2.8 years and their non-specific symptoms, earlier diagnosis is crucial to improve outcome. 5, 14 In the present study, we demonstrate that plasma MMP-7 levels differ in PAH compared to the other groups of PH such as CTEPH as well as HFrEF-PH and HFpEF-PH, and HF-NON-PH as well as from healthy individuals.
Remodeling of ECM and the resulting increase in vascular stiffness in PAH is an early process that precedes abnormal pulmonary artery pressure and elevated PVR. An expansion of ECM in the pulmonary vascular wall furthermore leads to fibrosis. 7 As MMPs are involved in the ECM remodeling process including vascular remodeling and stiffness, 8, 15 we investigated whether MMP plasma levels may be used to differentiate PAH from other causes of PH, including CTEPH and HFrEF and HFpEF with PH, as well as HF-NON-PH. In accordance with our hypothesis, several of the MMPs and associated proteins were found to be deranged in PAH with increased plasma levels. Circulating plasma levels of MMP-2, -7, -9, -12, and the MMP inhibitor TIMP-4, were increased in PAH as compared to healthy controls, indicating a potential involvement in PAH pathophysiology. More specifically, plasma MMP-7 enabled differentiation of PAH patients from controls, CTEPH, as well as HF with or without PH. Plasma MMP-7 could consequently have the potential as a future tool for PAH diagnosis. However, plasma MMP-7's intermediate level between controls and the other disease conditions may hamper its use as a clear discriminator between the various states of disease. MMP-7 is one of the smallest MMPs acting on a wide range of substrates including proteoglycans; fibronectin; casein; and gelatin types I, II, IV, and V. 16 MMP-7 cleaves pro TNF-a, syndecan-1, and E-cadherin into soluble forms. 16 MMP-7 may furthermore have a pro-apoptotic effect through the release of FAS-ligand and an anti-apoptotic effect via heparin-binding epidermal growth factor (HB-EGF). 16 Interestingly, it has been reported that plasma MMP-7 levels increase with older age. 17 We found that plasma MMP-7 levels were increased in PAH compared to controls, but not as much as in CTEPH, HFrEF and HFpEF with PH, or in HF-NON-PH. Given that PAH patients tended to be the oldest among the PH groups, the relative lower plasma MMP-7 in PAH compared to the other disease groups was disproportional. Thus, the age-related increase of MMP-7 may be small and only add little to the MMP-7 increase. Although age difference may contribute to the increased levels of MMP-7 in PAH, it cannot satisfactorily explain the entire increase as CTEPH patients are of the same age and yet have higher MMP-7 levels. In addition, as we found no difference between IPAH/FPAH and CTD-PAH, the difference in MMP-7 levels seems to be common for both PAH groups.
The MMP-7 sensitivity of 58.7% and specificity of 83.3% for PAH in our study suggest that MMP-7 could potentially be used as an indicator for PAH in a dyspnea population and potentially lead to earlier referral for further diagnostic procedures. In addition, it could be a valuable addition as a potential future tool for differentiating the PAH subgroup from other PH subgroups including HFpEF, where the latter group may be misinterpreted as ''atypical'' PAH patients, due to an excessive vasoconstriction with elevated PVR. It is furthermore of interest to speculate whether MMP-7 also may be of importance in HFrEF-PH, where induction of an elevated vascular resistance may impose a contraindication for heart transplantation. Thus, interestingly, MMP-7 may potentially be used in combination with other PAH biomarkers to enable future ''deep phenotyping,'' addressed in the current state-of-the art article in diagnosis of PH, as PAH patients may have a unique profile or characteristic pattern of proteomics. 18 This indicates a need for further investigation of MMP-7 and other potential PAH biomarkers in lager studies. MMP-7 produced by cancer cells has furthermore been found to reactivate the inactive form of VEGF by degrading connective tissue growth factor (CTGF), suggesting a regulative role of MMP-7 on VEGF activity. 19 MMP-7 actions have also been indicated to degrade sVEGFR-1/sFlt-1 allowing reactivation of bound VEGF 165 . 20 VEGF 165 activity is also reactivated by MMP-7 acting on CTGF. 21 MMP-7 may consequently play a protective role in PAH, as increased VEGF-A has a protective effect against PH in hypoxia and monocrotaline animal models. 22, 23 In a previous study in our group, sFlt-1 was suggested to have a potential role in PAH biology, as sFlt-1 levels decreased after initiation of PAH treatment. 24 However, in the present study, no significant correlations were found between MMP-7 and hemodynamics, suggesting that MMP-7 may not directly drive severity of the PAH disease.
Additionally, MMP-7 could have a regulatory effect protecting from PAH development through degrading s-Flt-1 and CTGF, thereby releasing VEGF-A. This is of great importance as it may explain why the MMP-7 levels were less increased in PAH patients compared with the other disease groups. With less degradation of sFlt-1 and CTGF there would be lower levels of VEGF-A and less protection from PAH development.
Of interest, MMP-7 may contribute to the development of PAH via pathways involved in other pathological conditions. For instance, MMP-7 is linked to progression of several malignancies including oral squamous cell carcinoma, prostate cancer, pancreatic cancer, breast cancer, and non-small cell lung cancer. 25 In addition, MMP-7 is also thought to promote fibrosis by cleaving of E-cadherin and other factors such as HB-EGF which promotes lung fibroblast proliferation. 26 MMP-7 action on E-cadherin enables -catenin signaling which is associated with increased vascular smooth muscle cell proliferation and is increased in PAH pulmonary arterial smooth muscle cells. 27, 28 In systemic sclerosis, in which fibrosis is an important pathophysiological mechanism, 29 plasma/circulating MMP-7 levels are increased, including in SSc-PAH patients. 30 Thus, as dysregulated MMP-7 has been proposed to contribute to the pathology of tumor progression and lung fibrosis through E-cadherin shedding and related -catenin signaling, 28,31 MMP-7 could potentially contribute to PAH pathology via the E-cadherin/-catenin and HB-EGF signaling pathways.
As mentioned above, the pattern of intermediate MMP-7 levels in PAH between controls and the other disease groups is intriguing and could suggest a complex interplay of MMP-7 and the different disease groups, and that MMP-7 may be involved in the vascular remodeling induced by various causes of PH. Consequently, although the MMP-7 levels in PAH were different from the other groups, the intermediate values could make MMP-7 challenging to use as a biomarker in specifically identifying PAH. Thus, additional larger studies are needed to validate our results and the precise role of MMP-7.
In the present study, we also found increased levels of MMP-2, MMP-9, as well as TIMP-4 in PAH. Increased levels of MMP-2 and -9 have previously also been observed in a monocrotaline rat model of PH. 32 Hiremath et al. 33 found increased levels of MMP-9 and normal levels of MMP-2 in IPAH. Tiede et al. 34 reported increased plasma levels of MMP-2 in CTD-PAH and lower levels of TIMP4 in IPAH. This difference may be attributed to our PAH population including both SSc-PAH and IPAH. MMP-2 and TIMP-4 have earlier been seen increased in PH compared with controls, 35 a result which is in line with this study. The present study, however, indicated that an increase of MMP-2 and TIMP-4 is also found in HF-NON-PH.
The present study also included, in addition to PH groups and controls, a more commonly occurring group suffering from dyspnea, namely HF patients, also those without PH. 1, 36 The present study thereby shows that MMP-7 can identify PAH in a wider population suffering from dyspnea as well as healthy subjects. Biomarker levels were measured in PAH specific treatment naive patients with no interference of PAH drugs. The difference in MMP levels in the disease groups relative controls could, however, have been influenced by that the controls in this study are somewhat younger than the disease groups. The PAH population in the present study are somewhat older than in some other registries. A median age of 71.5 for PAH diagnosis is however consistent with the Swedish PAH register 37 as well as the COMPERA registry's median age of idiopathic PAH diagnosis of 71 years. 38 Whether the circulating plasma levels of the biomarkers truly reflect remodeling of the pulmonary vasculature, the heart and/or reflect levels locally in the tissues was not investigated. The present study, however, indicates that MMP-7 may reflect PAH pathology, but its precise role is not yet clear.
Despite that the patient populations consist of all available patients in the LCPR register, they are somewhat small. Thus, the results could in addition be interpreted as less conclusive. The aim of the present study was, however, to investigate whether MMPs could differentiate PAH, in an effort to discover new biomarkers for PAH. Consequently, although the possibility of no differences due to the small patient groups, MMP-7 is interesting as a potential future biomarker. Larger studies are needed to investigate if the present results are useful in the clinic.
In conclusion, the present study indicates that plasma MMP-7 may be used as a future biomarker to identify PH and differentiate patients with PAH from healthy controls, and potentially also from those with CTEPH, HFrEF and HFpEF with PH, as well as HF-NON-PH. Such a discrimination may enable earlier PAH diagnosis and treatment initiation. Future larger studies are urged for to evaluate the clinical usefulness of MMP-7 as a biomarker for PAH and PH as well as its precise role in PAH pathogenesis.
